Radiometry
Radiation measurements and investigations of radiation effects require various degrees of specification of the radiation field at the point of interest. Radiation fields consisting of various types of particles, such as photons, electrons, neutrons, or protons, are characterized by radiometric quantities which apply in free space and in matter.
Two classes of quantities are used in the characterization of a radiation field, referring either to the number of particles or to the energy transported by them. Accordingly, most of the definitions of radio metric quantities given in this report can be grouped into pairs.
Both scalar and vectorial quantities are used in radiometry and here they are treated separately. Formal definitions of quantities deemed to be of particular relevance are presented in boxes. Equivalent definitions which are used in particular applications are given in the text. Distributions of some radiometric quantities with respect to energy are given when they will be required later in the report. An extended set of quantities relevant to radiometry is presented in Tables 2.1 and 2.2.
Scalar Radiometric Quantities
Consideration of radiometric quantities begins with the definition of the most general quantities associated with the radiation field, namely, the particle number, N, and the radiant energy, R (see Section 2.1.1). The full description of the radiation field, however, requires information on the type and the energy ofthe particles as well as on their spatial, directional and temporal distributions. In the present report, the specification of the radiation field is achieved with increasing detail, by defining radiometric quantities through successive differentiations of Nand R with respect to time, area, volume, direction or energy. Thus, these quantities relate to a particular value of each variable of differentiation. This procedure provides the simplest definitions of quantities such as fluence and energy fluence (see Section 2.1.3), often used in the common situation where radiation interactions are independent of the direction and temporal distribution of the incoming particles.
The scalar radiometric quantities defined in this report are used also for fields of optical and ultraviolet radiations, sometimes under different names. The equivalence between the various terminologies is noted in connection with the relevant definitions.
Particle Number, Radiant Energy
The particle number, N, is the number of particles that are emitted, transferred, or received.
Unit: 1
The radiant energy, R, is the energy (excluding rest energy) of the particles that are emitted, transferred or received.
Unit: J
For particles of energy E (excluding rest energy), the radiant energy, R, is equal to the product NE.
The distributions, NE and R E , of the particle number and the radiant energy with respect to energy are given by
where dN is the number of particles with energy between E and E + de and dR is their radiant energy.
The two distributions are related by (2.1.2)
The volumic particle number, n, is given by
where dN is the number of particles in the volume dV. n is also termed number density of particles (ISO, 1993).
Flux, Energy Flux
The flux, iv, is the quotient of dN by dt, where dN is the increment of the particle number in the time interval dt, thus
The energy flux, R, is the quotient of dR by dt,
where dR is the increment of radiant energy in the time interval dt, thus Unit: W . dR
R=-'
dt These quantities frequently refer to a limited spatial region, e.g., the flux of particles emerging from a collimator. For source emission, the flux in all directions is generally considered.
For visible light and related electromagnetic radiations, the energy flux is defined as power emitted, transmitted, or received in the form of radiation and termed radiant flux or radiant power (eIE, 1987) .
The term flux has been employed for the quantity termed fluence rate in the present report (see Section 2.1.4). This usage is discouraged because of the possible confusion with the above definition of flux.
Fluence, Energy Fluence
The fluence, <1>, is the quotient of dN by da, where dN is the number of particles incident on a sphere of cross-sectional area da, thus
The energy fluence, 'P, is the quotient of dR by da, where dR is the radiant energy incident on a sphere of cross-sectional area da, thus
The use of a sphere of cross sectional area da expresses in the simplest manner the fact that one considers an area da perpendicular to the direction of each particle. The quantities fluence and energy fluence are applicable in the common situation in which radiation interactions are independent of the direction of the incoming particles. In certain situations, quantities (defined below) involving the differential solid angle, dD, in a specified direction are required.
In dosimetric calculations, fluence is frequently expressed in terms of the lengths of the particle trajectories. It can be shown that the fluence, <1>, is given by
where dl is the sum of the particle trajectory lengths in the volume dV.
For a radiation field that does not vary over the time interval, t, and which is composed of particles with velocity v, the fluence, <1>, is given by
where n is the volumic particle number.
The distributions, <1>E and o/E, of the fluence and energy fluence with respect to energy are given by
where d<1> is the fluence of particles of energy between E and E + dE and d'P is their energy fluence.
The relationship between the two distributions is given by
The energy fluence is related to the quantity radiant exposure defined, for fields of visible light, as the quotient of the radiant energy incident on a surface element by the area of that element (eIE, 1987) . When a parallel beam is incident at an angle 0 with the normal direction to a given surface element, the radiant exposure is equal to 'P cos o.
Fluence Rate, Energy Fluence Rate
The fluence rate, cP, is the quotient of d<1> by dt, These quantities have also been termed particle flux density and energy flux density, respectively. Because the word density has several connotations, the term fluence rate is preferred. The symbols <1> and 'P replace the symbols cp and '" used previously (IeRU, 1980) . For a radiation field composed of particles of velocity v, the fluence rate, <1>, is given by
where n is the volumic particle number. 6 2.1.5 Particle Radiance, Energy Radiance
The particle radiance, cPf ), is the quotient of dcP by dD, where d4> is the fluence rate of particles propagating within a solid angle dD around a specified direction, thus . .
The energy radiance, 'IJr fl, is the quotient of do/ by dD, where d'lJr is the energy fluence rate of particles propagating within a solid angle dD around a specified direction, thus Unit: W m-2 srl . .
The symbols 4>fl and o/n replace the symbols p and r used previously (ICRU, 1980) . The specification of a direction requires two variables. In a spherical coordinate system with polar angle, e, and azimuthal angle, ef>, dD is equal to sin e de def>.
For visible light and related electromagnetic radiations, the particle radiance and energy radiance are termed photon radiance and radiance, respectively (eIE, 1987) .
The distributions of particle radiance and energy radiance with respect to energy are given by (2.1.10)
The quantity cPfl,E is sometimes termed angular flux or phase flux in radiation-transport theory. Apart from aspects which are of minor importance in the present context (e.g., polarization), the field of any radiation of a given particle type is completely specified by the distribution, cPfl,E, of the particle radiance with respect to particle energy, since this defines number, energy, local density and arrival rate of particles propagating in a given direction. This quantity, as well as the distribution of the energy radiance with respect to energy, can be considered as basic in radiometry.
Vectorial Radiometric Quantities
Since radiometric quantities are primarily concerned with the flow of radiation, it is appropriate to consider some of them as vectorial quantities. Vectorial quantities are not needed in those cases where the corresponding scalar quantities are appropriate, e.g., in deriving dosimetric quantities that are independent of the particle direction. In other instances, vectorial quantities are useful and they are important in theoretical considerations related to radiation fields and dosimetric quantities. There is, in general, no simple relationship between the magnitudes of a scalar quantity and the corresponding vectorial quantity. However, in the case of a unidirectional field, they are of equal magnitude.
The vectorial quantities, defined in this section, are obtained by successive integrations ofthe quantities vectorial particle radiance and vectorial energy radiance (see Section 2.2.1). Vectorial quantities are used extensively in radiation-transport theory, but often with a different terminology. The equivalences are indicated for the convenience of the reader.
Vectorial Particle Radiance, Vectorial Energy Radiance
The vectorial particle radiance, CPa, is the product of n by 4>a, where n is the unit vector in t~e direction specified for the particle radiance 4>fl, thus Unit: m -2 S-1 srI
The vectorial energy radiance, lPn, is the product of n by 'IJr fl, where n is the unit vector in the direction specified for the energy radiance 'IJr fl, thus rr:he magnitudes I <Pnl and I tPnl are equal to cPn and 'IJr fl, respectively. The distributions <Pn,E and tPn,E of the vectorial particle radiance and the vectorial energy radiance, with respect to energy, are given by .
. where cPn E and Pn E are the distributions of the particle r~diance and the energy radiance with respect to energy.
In radiation-transport theory, <Pn E is sometimes called angular current density, pha;e-space current density, or directional flux.
Vectorial Fluence Rate, Vectorial Energy Fluence Rate
The vectorial fluence rate, <P, is the integral of <Pn with respect to solid angle, where <P is the n vectorial particle radiance in the direction specified by the unit vector fl, thus Unit: m-2 S-1
The vector~al energy fluence rate, tV, is the i~tegral of Wn with respect to solid angle, where Wn is the vectorial energy radiance in the direction specified by the unit vector fl, thus
Unit: Wm-2
The vectorial integration determines both direction and magnitude of the vectorial fluence rate and of the vectorial energy fluence rate. The scalar quantities fluence rate and energy fluence rate can be obtained in a similar way according to It is important that these quantities not be confused with the vectorial ones. In particular, it needs to be recognized that the magnitude of vectorial fluence rate and of vectorial energy fluence rate change from zero in an isotropic field to cP and P in a unidirectional field.
The vectorial fluence rate is sometimes referred to as current density in radiation-transport theory.
Vectorial Fluence, Vectorial Energy Fluence
The vectorial fluence, cP, is the integral of <P, with respect to time, t, where <P is the vectorial fluence rate, thus
Unit: m-2
The vectorial energy fluence, 11', is the integral of tV with respect to time, t, where tV is the vectorial energy fluence rate, thus 11' = J tVdt.
Unit: Jm-2
The distributions cPE and WE of the vectorial fluence and vectorial energy fluence, with respect to energy are given by It should be noted that the (vectorial) integration of CPn,E over time, energy and solid angle results in a point function in space, but this is not the case when the integration is over area. It is meaningful to integrate, for instance, the scalar product 11' . da over a given area a to obtain the net flow of radiant energy through this area. Integration with respect to a particular surface must take account ofthe (threedimensional) shape of the surface and its orientation, because the number of particles in a given direction, intercepted by a surface, depends on the angle of incidence. 
